Ionic and nonionic interactions between the adenoviral histone-like proteins and DNA were examined by determining effects of ionic strength and urea concentration on disruption of viral nucleoprotein. The viral proteins were as susceptible to dissociation by salt in the presence of urea as histones. Nonionic interactions between viral proteins appeared more extensive than those between histones.
The salt concentration at which various proteins, including histones (21) , high-mobilitygroup proteins (12) , and protamine (11) , can be eluted from chromatin is characteristic of each class of protein. This property has been used to gauge the relative strength of the electrostatic interaction between these proteins and DNA. Salt dissociation profiles are related to the role each protein class plays in DNA packaging in that the degree of DNA condensation conferred by each class generally correlates with resistance to dissociation from DNA by increasing salt concentrations. Salt dissociation patterns have been used to assay proper chromatin reconstitution in vitro (23) and maturation of newly assembled chromatin in vivo (26) .
Within the virus particle, adenoviral DNA is in a complex with virally coded histone-like proteins V (Mr 45,000) and VII (Mr 18,000). The mass of these proteins in the virus core is about equal to the mass of the DNA (25) . This complex of viral DNA and core proteins penetrates the nucleus upon infection to generate the substrate for early viral transcription (9, 18, 20) .
During the late phase of infection, the major core protein VII is synthesized as precursor, pVIl, which contains 20 additional hydrophobic and possibly acidic residues at its amino terminus (1, 28) . pVII is associated with newly replicated DNA in immature virions, and the processing of pVII to VII accompanies virion maturation (8) . These viral proteins are arginine rich (16, 25) and do not undergo reversible internal acetylation, although the amino termini of pVII and V are probably acetylated (10) .
Observation of the persistance of a rapidly sedimenting viral nucleoprotein complex in solutions of high ionic strength has led to the conclusion that the viral core proteins have a very high affinity for DNA (3, 13, 19) . Cores derived from virions of a mutant which contains the precursor to protein VII are less stable than wild-type cores during core purification procedures and CsCl gradient centrifugation (19) . This observation led to the suggestion that the precursor protein has a lower affinity for DNA or binds to DNA with an altered conformation (20, 28) . Cleavage of the precursor portion of pVII has been postulated to enhance electrostatic interaction between DNA and the basic domain of the polypeptide to facilitate adenovirus chromatin assembly, after the fashion of enzymatic deacetylation of histone H4 (17) .
Micrococcal nuclease treatment of nuclei early in the course of adenovirus infection yields protected fragments of parental viral DNA in a repeating pattern analogous to that derived from micrococcal nuclease digestion of histone-DNA complexes (6, 27, 29) . Purified viral cores, however, produce no discrete nuclease protection pattern (29) . The apparent structural alteration of parental viral chromatin has been taken as an indication that histones can successfully compete with viral proteins for DNA binding.
We have characterized the salt dissociation properties of the adenoviral histone-like proteins to increase our understanding of the structure of this alternative form of eucaryotic nucleoprotein, to aid in the evaluation of models for adenoviral uncoating and assembly, and to facilitate the manipulation of these complexes in our investigations of adenoviral chromatin structure and template activity.
Our sedimentation regime is analogous to that shown by Ohlenbusch et al. (21) to effect complete separation of DNA from salt-dissociated histones. To ensure that sedimentation accomplished efficient pelleting of DNA and DNAprotein complexes from adenovirus-infected cells, we assayed supernatants for absorbance at NOTES 371 260 and 280 nm. Supernatants from adenovirusinfected and uninfected cell nuclei extracted with NaCl in the range of 0.4 to 0.8 M NaCl were examined. In no case did the absorbance at 260 nm surpass 0.1%, and the ratio of absorbance at 260 nm to absorbance at 280 nm was always less than 1, indicating a DNA concentration of less than 5 ,ug/ml. Similarly, attempts to extract and precipitate DNA from supernatants as described previously (6) recovered no detectable DNA as determined either by absorbance at 260 nm or by agarose gel electrophoresis and ethidium bromide staining. Finally, after sedimentation of purified [3H]thymidine-labeled viral DNA in solutions containing 2 M urea and NaCI ranging from 0.2 to 1.2 M, less than 10% of the radioactivity could be detected in the supernatants.
Original experiments were carried out with buffered salt solutions in the absence of urea. Although histones were dissociated from DNA and appeared in the supernatant at the salt concentrations predicted by the studies of Ohlenbusch et al. (21) , viral proteins V, pVII, and VII pelleted even in NaCl concentrations as high as 4 M. Because proteins V, pVII, and VII resemble histones in basic amino acid content (16, 17) , it seemed unlikely that viral protein-DNA complexes could differ greatly from histone-DNA complexes in strength of electrostatic interactions. To determine whether the proteins were pelleting owing to aggregation with each other or to their persistence in a rapidly sedimenting nucleoprotein complex under these salt conditions, we examined the behavior of the proteins in the absence of DNA. Nuclei were extracted with 0.2 M H2SO4-0.2 mM phenylmethylsulfonyl fluoride (PMSF) as previously described (15) . Acid extracts were then dialyzed extensively against buffered salt solutions and centrifuged under the conditions described for salt-extracted nuclei (see Fig. 1 ). The viral proteins V, pVII, and VII were once again found in the pellet, whereas all other components of the acid extract appeared in the supernatant, suggesting that the proteins alone were insoluble.
Use of the sedimentation assay for dissociation required finding conditions under which the proteins would remain in the supernatant unless bound to DNA. By dialyzing acid extracts into buffered 1.0 M NaCl with urea concentrations ranging from 0.5 to 3.0 M, we found that proteins V, pVII, and VII remained completely in the supernatant in the presence of 2 M urea, but not at urea concentrations of 1.5 M or less.
The proportions of each protein dissociated by various salt concentrations in the presence of 2 M urea were measured by performing the extractions on adenovirus-infected and uninfected cells labeled with [35S]methionine. Histone labeling was carried out in uninfected cells because histone synthesis declines during the course of adenovirus infection (14) . Protein bands from supernatants and pellets electrophoresed into sodium dodecyl sulfate (SDS) gels were excised, and radioactivity was measured by scintillation counting (Fig. 1 , cross-hatched bars). HeLa Hi histones lack methionine and fail to incorporate label so they were omitted from the quantitative analysis. The gel staining pattern indicated that Hi was eluted by 0.4 M NaCl in 2 M urea.
In the presence of 2 M urea, salt elution of histones occurred within a lower range of ionic strength than in the absence of urea, as expected (2, 21, 30). The relative susceptibility of different core histone classes to salt dissociation remained unaltered. Protein V from infected cells and histones H2A and H2B were partially eluted by 0.2 M NaCl. Virtually all of protein V appeared in the supernatant of a 0.4 M NaCl nuclear extraction. Most of the H2A and H2B histones were extracted by 0.4 M NaCl, and virtually all were extracted by 0.6 M NaCl.
A significant amount of viral protein pVII was found in the supernatant of a 0.4 M NaCl nuclear extraction, and maximum amounts were released by 0.6 M NaCl. The amount of protein VII in the nuclear supernatant may be overestimated in these experiments because the amount of this protein is low relative to the background of total nuclear proteins released under these conditions. Protein VII began to appear in the 0.2 M NaCl supernatant and was maximally extracted by 0.6 M NaCl. Histones H3 and H4 were significantly extracted by 0.6 M NaCl and were almost completely extracted by 1.0 M NaCl. The salt elution profiles of histones of infected cells were indistinguishable from those of uninfected cells according to gel staining patterns.
Application of the dialysis protocol to nuclear acid extracts in an NaCl range lower than 1 M revealed that even in the presence of 2 M urea, the viral proteins were only partially soluble (Fig. 1, open bars) . The proportion of the viral proteins remaining in the supernatant after centrifugation increased with increasing salt concentration but was the same or greater in the dialyzed acid extract than in the salt-extracted chromatin at each NaCl concentration.
We analyzed susceptibility of proteins pVII and V to dissociation by exposure of undisrupted nuclei to salt extraction conditions to allow comparisons with concurrently eluted histones and to minimize exposure of viral chromatin to possible damage during further purification procedures. However, intracellular amounts of the major core protein VII are low relative to its precursor pVII and the minor core protein V. pelleted by centrifugation at 1,500 x g for 5 min. All subsequent operations were carried out at 4°C. After lysis of the cells by a 15-min incubation with intermittent vortexing in buffer A with 0.5% (vol/vol) Triton X-100 and 0.5% (vol/vol) Nonidet P-40 at a concentration of 2 x 106 cells per ml, the nuclei were pelleted by centrifugation at 1,500 x g for 5 min. The nuclei were resuspended at 106 cells per ml of buffer A and again pelleted as described above. Washed nuclei were suspended in solutions of the designated NaCl concentrations and 2 M urea in 10 mM Tris-hydrochloride (pH 7.4)-i mM EDTA-0.2 mM PMSF at a concentration of 106 nuclei per ml in siliconized polyallomer tubes. Suspensions (4 ml) were incubated at 4°C for 12 to 16 h with intermittent inversion to mix. The viscosity of the nuclear suspensions increased markedly, and phase-contrast microscope inspection verified that nuclear lysis occurred under these conditions. The suspensions were then centrifuged for 20 h at 34,000 rpm at 4°C with an SW50.1 rotor. For determination of solubility of viral histone-like proteins, washed nuclei were suspended in 1 ml of 0.2 M H2SO4-0.2 mM PMSF for 30 min at 4°C. Nuclei were pelleted at 1,500 x g for 5 min. The acid extract was then diluted into 3 ml of buffered solutions of salt and urea at concentrations sufficient to achieve the desired final concentration. These mixtures were then dialyzed against salt and urea solutions of the appropriate concentrations to remove the acid and sedimented in parallel with nuclear salt and urea extractions. The 12 .5% acrylamide-SDS gels with virion and acid-extracted nuclear markers as previously described (15) . Autoradiography and counting of gel slices were carried out as previously described (10) Treatment of virus particles with pyridine solubilizes outer capsid proteins and allows sucrose gradient purification of the DNA in a complex with closely associated proteins (24) . Viral cores prepared in this fashion contained molar amounts of proteins VII and V as deter-NOTES 373 mined by comparison with proteins prepared from virions containing an equal amount of DNA. Core preparations also contained smaller amounts of capsid proteins, particularly protein II or hexon, as has also been reported by others (24) .
Cores were treated with a range of NaCI concentrations in 2 M urea and subjected to centrifugation sufficient to pellet DNA and DNA-protein complexes but not soluble proteins. As expected from the results with nuclei, viral proteins VII and V could be found only in the pellet, except in the presence of urea. The salt dissociation profiles obtained in the presence of 2 M urea are shown in Fig. 2 . Protein V appeared in the 0.2 M NaCl supernatant and was largely extracted by 0.6 M NaCl. Protein VII first appeared in the 0.6 M NaCl supernatant and was largely eluted by 0.8 M NaCl. This salt elution pattern was the same regardless of whether the starting concentration of cores was 5 or 15 ,ug of DNA per ml. The analysis of mutant viral cores which contain protein pVII instead of protein VII demonstrates that pVII also elutes from cores at the same salt and urea concentrations characteristic of its elution from nuclei (unpublished data).
When nuclear extractions or dialyses were performed in the presence of 5 M urea, the viral proteins remained completely soluble in low salt concentrations (Fig. 3, lanes A and B) . They were eluted from chromatin between 0.3 and 0.4 M NaCl, in the range of NaCl concentration intermediate between that required to dissociate histones H2A and H2B and histones H3 and H4, although the range was collapsed in 5 M urea (Fig. 3) . Histones H2A and H2B were partially eluted in a 0.2 M NaCl-5 M urea extraction of nuclei and completely eluted by 0.3 M NaCl-5 M urea. Small proportions of H3 and H4 were extracted by 0.3 M NaCl in 5 M urea, and they were largely, but not completely, eluted by 0.7 M NaCl in 5 M urea. Hi histones were less affected by the addition of urea, being extracted between 0.3 and 0.4 M NaCl in 5 M urea. Histone octamers released from DNA by 2 M NaCl are dissociated into H3,H4 tetramers and H2A,H2B dimers by urea in the range of 0.5 to 2.0 M urea, and a more complete dissociation of core histones occurs between 4 to 7 M urea (4, 7, 22) . Histone octamers fail to pellet under these sedimentation conditions, and no histone complexes large enough to pellet are seen. This observation suggests that the viral histone-like proteins show a greater propensity to self-associate than do histones, presumably through more extensive hydrophobic or hydrogen bonding interactions that are disruptable by urea. If the viral proteins are released from DNA in the form of a discrete protein structure analogous to the histone octamer, it must be substantially larger.
The elution and solubility profiles of proteins pVII and VII were quite similar to each other and lay within the range of salt dissociability displayed by core histones. Both proteins seemed to be slightly more resistant to salt dissociation than histones H2A and H2B and slightly less resistant to dissociation than histones H3 and H4. Proteins V and VII may dissociate from cores over a narrower and slightly higher range of salt concentrations, but it is represent proteins recovered from pellets (P) and supernatants (S) after incubation in the designated concentrations of NaCI. An amount of cores corresponding to an absorbance at 260 nm of 0.05 was added to 4 ml of the appropriate salt solution directly after purification after the method of Prage (24) as described previously (5) . Sedimentation and protein analysis were performed as described in the legend to Fig. 1 (5) .
